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Abstract

This paper describes the Reality Code Engine (RCE), a system in which a program is written once as a state machine,
called a Form, and code in other languages is generated from it. It reports what was measured on 10,000 Forms and
on public bug datasets, and states how the claims could be shown false.

In plain words

1. A program is written once, in one precise form, and the computer produces the same program in many languages
from it.

2. Because the form only allows what was declared, broken input is rejected at the door instead of being fixed later.

3. A fix that passes the checks is saved and reused, so the same problem does not cost time or energy twice.
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1. Thesis

Autonomous computer automation is a design space with many points in it. Every approach sits somewhere along
five continuous axes: the energy spent per correct result; the entropy the system must resolve at run time, and with
it how deterministic its output is; the strength of the verification that accepts a result; how far each accepted result is
reused and compounds; and how much the approach relies on a model. A large language model (LLM), a statistical
text model, that writes each change from the prompt sits near one corner of that space: it relies on the model for every
task, draws a fresh sample from a high-entropy distribution each time, and pays for generation again on every task.
Retrieval, rules, synthesis, verification and caching occupy many other points, and real systems combine them.

The Reality Code Engine (RCE) is one point in the space, and this paper describes and measures it. RCE models a
program as a database functional state machine. Lopes and colleagues measured that about 70% of the code on GitHub
consists of clones of earlier files [33], so RCE first tries to retrieve an existing fit, adapt it and check it, and calls a model
only when nothing cheaper closes the task.

The core claim. RCE is a complete code ecosystem in which programs are authored natively from intent. Intent is
written once, as a Form: a state, a set of events and a pure, total transition. The Form is a lossless encoding of that
intent. Every target (statechart, Rust, Python, XState, SCXML, WASM) is a projection of the Form, and each projection
replays the Form’s trace byte for byte. A state the Form does not declare cannot be written, and an input outside its
contract is refused at entry. A program in the ecosystem therefore cannot drift from its intent the way a program in
a common language drifts from its comments, its tests or its other implementations, and it needs no after-the-fact
diffing or error tracking. Every fit that passes the gate is stored and reused, so the ecosystem compounds as it grows
(§2.4). Code written in other languages is one door in: it enters by lift (§6).

Every point in the space faces the same gate. The gate is correctness: a task’s completeness predicate C(z), here the
task’s tests, a proof or an agreement trace. Among runs that pass the gate, systems are ranked by joules to completion,
J*. Correctness is a constraint, not a score.

RCE’s mechanisms, called gears, run in order of cost, and the first gear that passes the gate closes the task.

Energy figures are labeled by source. est_j is an analytical estimate. reported_j is an operating-system or on-chip
counter. measured_j is reserved for a wall meter and is empty in every result here.
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2. The design space of autonomous coding

One sentence in. One floor out.

How human intent becomes something a computer can run, and why it loses meaning on the way.

1. HUMAN INTENT IS HIGH ENTROPY

Many meanings live in one sentence.

“Make the CheCkOUt faSter-” Context is implied, never written.

\ The listener fills the gap.

Cut page load time?
Fewer steps for the buyer? A computer cannot.

Faster card approval?
Cache the cart?
Faster for whom: phone or desktop?

Shannon measured English at 0.6 to 1.3 bits per letter.
The letters are predictable. The meaning is not.

2. THE FUNNEL OF CONVERSIONS
HIGH ENTROPY, 5. WHERE THE LOSS HAPPENS
many meanings
Intent Same line. Different answer.
what you want Operators agree on easy inputs.
They split at the edges.
LOST: context, tone, the unsaid

expression Python Cc
Spec
what you wrote down =3 %2 1 -1
LOST: alternatives, edge cases -7 /2 -3.5 -3
MAX + 1 grows undefined

626 surface languages

Python Rust JavaScript C# Kotlin Lua Every boundary is a guess

° ° ° ° o ° ° o o ° ° L4 about what you meant.

c Go Java Syift Haskell Zig Most guesses are right. Bugs live in the rest.

Fan outto 626-ways of writing it-Re-converge:

4. WHY ALL CODE
STARTS TO LOOK THE SAME

LOST: names, style, the author’s reasons B B
The destination has room

IR for only a few shapes.

one graph the compiler can reason about
Every program ends as loads,

LOST: types become sizes, loops become jumps stores, math and jumps.

So code bends toward those shapes.
Machine code

Convergence is by design.
bytes the CPU decodes

Not by laziness.

(o) of code on GitHub
© isclones.

3. It all gets to assembly. 4260 s, 85M unique

few shapes
LOW ENTROPY

mov add cmp jmp store

DéjaVu, Lopes et al., OOPSLA 2017

6. THE FIX: RCE

Stop guessing at every boundary.

o One canonical form o Every surface is a projection o Cheapest correct form wins
Write the meaning once. Python, Rust, WASM, XState. Equivalent forms, ranked by joules.
One structure holds the intent. Each prints byte-identical traces. Pick the one that costs least.

Sources: Shannon, “Prediction and Entropy of Printed English,” Bell System Technical Journal, 1951. Lopes et al., “DéjaVu: A Map of Code Duplicates on GitHub,” OOPSLA 2017
626 languages: David Charlot's lowering-path survey. Python and C results are language spec behavior. C signed overflow is undefined behavior.

Figure 1. Intent entropy and the machine floor. A PNG copy is provided. Sources: Shannon (1951); Lopes et al. (2017);
the 626-language count is an unpublished survey by the author and supports no claim in this paper. The Python and C
results are language specification behavior; C signed overflow is undefined behavior.

Intent is high entropy. “Make the checkout faster” carries many meanings: shorter page load, fewer steps, faster card
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approval, a cached cart, or faster on one device class. Context is implied and never written. Shannon measured printed
English at about 0.6 to 1.3 bits per letter [1]. The letters are predictable. The meaning is not.

Every conversion loses information. Intent becomes a specification, and context is lost. The specification becomes
one of hundreds of surface languages, and alternatives and edge cases are lost. The source becomes an intermediate
representation (IR), and names, style and the author’s reasons are lost. The IR becomes machine code, and types
become sizes and loops become jumps.

The floor is low entropy. Every program ends as loads, stores, arithmetic and jumps. The destination has room for
only a few shapes, so code bends toward them. Convergence is by design.

Boundaries are where meaning diverges. The same line gives different answers at the edges. In Python, -3 % 2is1
and-7 / 2is-3.5.InC,-3 % 2is-1,-7 / 2is-3, and signed overflow is undefined. A system that regenerates code
at every boundary guesses at every boundary.

The axes, stated as quantities.

Axis One end Other end Where RCE sits

Energy per correct result Paid again in full on every task Paid once per new case, then the At the floor on covered tasks
handler floor

Entropy resolved at run time, and  The full distribution of the Only the residual no stored fit The residual only; every

determinism prompt, a fresh sample each time  covers, one deterministic output projection deterministic

Verification strength Output accepted on inspection Tests, coverage and a proof The full gate on every result
certificate

Reuse and compounding Each result used once Each accepted fit stored and Every fit that passes the gate is
reused stored

Model reliance A model on every task No model A model only as the last gear

Approaches differ by degree on each axis, and the axes interact: reuse lowers energy and the entropy left to resolve,
and strong verification is what makes reuse safe. RCE writes the meaning once, in one canonical Form. Every surface
language is a projection of that Form, checked to match it. Among equivalent forms, the cheapest correct one runs.

Figure 2 draws the five axes and places the main classes of approach on them.



The design space of autonomous coding u

Five axes; approach classes placed qualitatively. Outward is better on every axis.

Energy per correct result
outward: paid once, then the handler floor

- L
Independence from models P : Determinism
outward: model only as a last gear ‘\ ‘* outward: entropy resolved once
K .
I . n .
‘N “a .
N 3
‘N, .‘ .
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Reuse and compounding Verification strength
outward: every accepted fit stored outward: tests, coverage and proof
@ Amodel on every task Agent loop gated by tests Model with retrieval and caching 4 Classical synthesis and repair
% RCE

Placements are the paper’s qualitative reading of each class (Section 2), not measurements. Rings mark ordinal levels 1 to 4.

Figure 2. The design space of autonomous coding. Qualitative diagram: each class of approach is placed by the paper’s
reading of Section 2 on ordinal levels, not by measurement. Model reliance is drawn as independence from models so that
outward is better on every axis. A PNG copy is provided.

2.1 Programming is coding theory

The thesis of this section is that programming can be read as coding theory. A programmer converts intent along a
gradient between two entropic regimes. Intent is high entropy, a distribution over meanings. Code is low entropy,
one deterministic transition per state. Every step of software work, from a requirement to a register, is a step of that
conversion. The literature has said so in pieces for seventy years, in many languages. This section assembles the pieces
into one argument and places each RCE gear on it.

The measure. Shannon defined the entropy of a source and the capacity of a channel [40], and measured printed
English at about 0.6 to 1.3 bits per letter [1]. Kolmogorov, writing in Russian in Problemy Peredachi Informatsii in
1965, gave three approaches to the quantity of information and made the algorithmic one primary: the information
in an object is the length of the shortest program that produces it [41]. Solomonoff had reached the same object
as a theory of inductive inference [42], and Chaitin showed that program size obeys identities formally identical to
Shannon’s [43]. Rissanen turned the idea into a rule for choosing models, the minimum description length [44].
Together they say that a program is a code word: a description of a behavior, and the shortest correct one is the floor.
RCE’s extraction rule, keep the least-joule fit among equivalent fits (Proposition 3), is that rule with joules in place of
bits.

Code sits in the low-entropy regime, and people measured it. Hindle, Barr, Su, Gabel and Devanbu found that code
is “very repetitive, and in fact even more so than natural languages,” at lower cross-entropy under the same n-gram
models [35]. Gabel and Su found that most lines of a project already exist elsewhere [34], and Lopes et al. found that
most files on GitHub are clones [33]. Tu, Su and Devanbu found that code is also local: what was written nearby pre-
dicts what comes next [46]. Ray and colleagues found that buggy lines are less natural, with higher entropy, and that
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the entropy falls when the bug is fixed [45]. In 2025 Yang, Kolak, Hellendoorn and Martins used the entropy change
a patch induces to rank repair candidates and to separate correct patches from overfitting ones [51]. Allamanis, Barr,
Devanbu and Sutton surveyed the field under the name naturalness [47]. The result is not only an English-language
one. Prem Devanbu stated it as a keynote at the India Software Engineering Conference in 2013 [50]. Sridhara, Sinha
and Mani at IBM Research India measured the natural-language artifacts around code at the same venue and found
that commit messages are the most regular and Stack Overflow prose behaves like ordinary English [49]. In China,
the Journal of Software (3 {:2#4]) published a review of code naturalness research in 2022, which states the cross-
entropy measure and the finding that defective code has higher entropy [48]. In Japan, Doi, Higo, Arima, Shimonaka
and Kusumoto at Osaka University used n-gram naturalness, first in a Japanese-language IEICE technical report and
then at ICPC 2018, to tell machine-generated source files from human-written ones [73, 74]. Generated code sits even
lower on the entropy scale than human code, because a generator is a fixed conversion. In Brazil, Arrebola’s doctoral
thesis built code suggestion on n-gram and topic models segmented by project and maintainer, and evaluated it by
cross-entropy, the bits needed to encode the next token [75]. The two regimes are visible in one repository: the prose
around the code is high entropy, and the code is low.

The measure matters. Febres, Jaffé and Gershenson, working from Venezuela and Mexico, compared English, Spanish
and program text by vocabulary diversity per message length and found the program text more diverse [76]. Rahman,
Palani and Rigby found that much of the n-gram predictability of code comes from syntax tokens, and that code is still
repetitive, less than first reported, once those are removed, with API usage the most repetitive part [77]. Both results
sharpen the claim rather than reverse it. Diversity of symbols is not predictability, and the low-entropy regime is a
property of the conditional distribution of the next step, which is what a deterministic transition fixes. RCE’s GO keys
on shapes, not on surface tokens, for that reason.

Intent sits in the high-entropy regime. Zave and Jackson showed that a requirement is a statement about the environ-
ment, a specification is a statement at the interface, and the gap between them is filled only by domain knowledge
that is often unwritten [64]. Brooks split the difficulty of software into essence and accident: the essence is the concep-
tual construct, and most of it is specification and design, not representation [61]. Naur argued that a program is the
visible part of a theory held by its programmers, and that the theory is not fully recoverable from the text [62]. Read
through Shannon, all three say the same thing. Intent carries more uncertainty than any one program, and writing
the program is the act that removes it. What remains in a programmer’s head after the code is written is the part of
the intent the code did not encode.

The conversion is a refinement, and refinement is a narrowing. Hoare gave programs a logic in which a program is
correct relative to a pre- and postcondition [54]. Wirth taught stepwise refinement: decompose a task into instructions
by successive decisions, each one fixing a choice the specification left open [53]. Dijkstra’s guarded commands made
the open choices explicit as nondeterminacy, and derived programs from specifications by removing it [52]. In Munich,
Bauer and Wossner’s CIP project built program development as a sequence of correctness-preserving transformations
from specification to program [58]. In France, Abrial’s B method and then Event-B carried refinement to industrial
scale, with proof obligations at each step [55, 56]. In Finland, Back and von Wright gave refinement its lattice-theoretic
calculus [57]. In each, a specification denotes a set of acceptable behaviors and each refinement step shrinks the set,
until one deterministic behavior remains. That is entropy reduction with a proof at every step. RCE’s Form is the last
element of that chain: a total, deterministic transition & over database states, with every choice resolved (§3.2).

Synthesis is search that narrows a hypothesis space. Gulwani’s FlashFill learns a string program from a few input-
output examples by representing the set of all consistent programs and intersecting it with each new example [59].
Gulwani, Polozov and Singh frame program synthesis in general as search through a space of programs constrained by
intent [60], and Solar-Lezama’s sketching fills holes in a partial program with a solver [27]. Each example or constraint
is a measurement that removes hypotheses. Shannon’s measure counts how many such measurements are needed.
RCE’s G2 is that gear.

What the conversion produces has one shape. Gurevich proved that every sequential algorithm is captured by an
Abstract State Machine at its own level of abstraction [2]. Codd made the state a relation [5], and event sourcing
makes the state the fold of an append-only log [14]. Under Curry and Howard, a proof is a program and a proposition
is a type [18, 72], so a verified fit is a proof of its specification. These are the reasons the low-entropy regime has few
shapes: the destination is a state machine over a database, whatever the surface language.

Low entropy decays without a gate. Lehman observed over decades of large systems that a program in use must keep
changing, and that its complexity grows unless work is done to reduce it [63]. Torres, Baltes, Treude and Wagner
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measured structural and textual entropy over the commit histories of 25 projects and found the two rise together [78].
Entropy flows back into code from the environment. A system that keeps code in the low-entropy regime needs a gate
on every change, and RCE’s gate is correctness (§4.3).

Compilers already do source coding. Franz and Kistler shipped programs as compressed abstract syntax trees and
generated native code on load, which is source coding of a program over its own grammar [67]. Fraser inferred sta-
tistical models of code from a corpus to compress it [68]. Futamura showed in 1971, in the Japanese journal Systems,
Computers, Controls, that specializing an interpreter to a program yields a compiled program, and that specializing
the specializer yields a compiler [70]. Ershov in Novosibirsk developed the same idea as mixed computation [71].
The Cousots’ abstract interpretation computes a sound, lower-information description of every behavior of a program
[69]. The analogy to channel coding is this paper’s reading, not a cited theorem: types, tests and proofs add checked
redundancy so that a wrong program is detected before it runs, as a parity check detects a corrupted word.

Erasure is where the joules go. Landauer showed that a logically irreversible step, the erasure of one bit, dissipates
at least kgT In 2 [65]. Bennett showed that computation can in principle be made logically reversible, so the erasure,
not the computation, carries the bound [66]. Converting high-entropy intent to one low-entropy program discards
every alternative the intent allowed. That discard is an erasure of information about the alternatives, and it has a
thermodynamic floor. RCE pays the discard once per new case and stores the result, so a repeat case erases nothing
new.

2.2 How RCE converts, and where each gear sits

Read as coding theory, a task arrives as a message whose remaining uncertainty is what no stored fit already resolves.
Each gear removes uncertainty at a different price, and the gears are ordered by that price (§4.2).

Gear What it does to the uncertainty Lineage in the argument above
GO Lookup Recognizes that the intent was already Repetitiveness and clones [33, 34, 35];
encoded; resolves it by retrieval, at the localness [46]
handler floor
G1 Rules Applies a known guarded rewrite; resolves a Correctness-preserving transformation [52,
recurring residual with no search 58]; refinement with proof obligations [55, 56]
G2 Synthesis Searches a hypothesis space and narrows it by =~ Program synthesis as search [27, 59, 60]
examples, constraints and a solver
G3 to G5 Models Samples from a learned distribution over code  Cross-entropy models of code [35, 47]
when no lower gear closes the gap; a proposer
only
Gate Accepts a candidate only with tests, coverage Hoare logic [54]; Curry-Howard [18, 72]
and a proof certificate
Promotion Stores the accepted fit, so the same residual Minimum description length [44]; Landauer

costs GO next time erasure paid once [65]

Positions on the axes of Section 2 differ in where the conversion is paid. An approach that samples the full distribution
of the prompt on every task pays the high-entropy side again each time. An approach that stores and reuses accepted
fits pays only for the residual, and only once. Most systems sit between those ends, and RCE sits at the reuse end.

2.3 The ecosystem at large N

The claim of §1 is measured directly. The benchmark was preregistered before the run
(bench/ecosystem/PREREG. json). A seeded generator writes 10,000 Forms, each a source, a rule whose body
is a random arithmetic term of depth up to 3 over eight operators, and a sink. The engine is frozen at commit
a079967, and no model is called.

Property What is checked per Form N Holds Model calls

Form IR to canonical 10,000 10,000 0
JSON to Form IR to

canonical JSON is the

identity

Lossless encoding
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Property What is checked per Form Holds Model calls

Deterministic projection Two compiles give the 10,000 10,000 0
same bytes; XState and
SCXML projections of the
original and of the round
tripped Form are byte
identical
Faithful projection, The emitted Python 10,000 9,999 0
Python module prints the
reference trace byte for
byte on 40 seeded events
Gate at entry, inputs Five malformed payload 10,000 10,000 0
kinds (wrong type, null,
missing field, empty,
nested) all refused, no
accepted outcome

Gate at entry, A specification with a 10,000 10,000 0
specifications flow to an undeclared

node is refused before

compile

Figure 3 shows the same counts.

The ecosystem at large N

10,000 preregistered Forms, frozen engine, 0 model calls. Bars show checks that hold.

Lossless encoding (round trip identity) 10,000 of 10,000

Wilson 95% interval 99.96% to 100.00%

Deterministic projection, XState and SCXML 10,000 of 10,000

Wilson 95% interval 99.96% to 100.00%
Faithful projection, Python trace
Wilson 95% interval 99.94% to 100.00%

Gate at entry, malformed inputs 10,000 of 10,000

Wilson 95% interval 99.96% to 100.00%

Gate at entry, specifications 10,000 of 10,000

Wilson 95% interval 99.96% to 100.00%

Figure 3. The ecosystem at large N. Data figure: the five checks of the table above on 10,000 preregistered Forms, frozen en-
gine at commit a079967, 0 model calls, with Wilson 95% intervals computed from the counts. Source: bench/ecosystem.
A PNG copy is provided.

The one Python miss is counted as a miss; the same Form and events replay identically under 32 hash seeds in the
regression test tests/form_ecosystem_regress.rs. Energy here is est_j only; the whole run took 393 s of CPU
time on one core. The generated Forms are small, so this table measures the encoding, the projections and the gate.
Lifted Forms from real programs are measured under the protocol of §8.7.

2.4 Gated, verified recursive self-improvement

Good (1965) [111] defined the ultraintelligent machine as one that could design better machines, so that improvement
would recurse. Yudkowsky (2013) [113] cast the question as one of returns: whether each unit of improvement makes
the next unit cheaper or dearer. Schmidhuber’s Godel machine (2007) [112] gave a formal answer with a guarantee: a
program rewrites any part of itself, including its own search, only after proving that the rewrite improves its expected
utility. Lob’s theorem (1955) [114] is the obstacle a self-trusting prover meets, which Yudkowsky and Herreshoff
(2013) [115] named the Lobian obstacle: a system cannot in general prove the soundness of a successor that uses its
own proof system. Recent systems drop the proof requirement and select by measured score: STOP (Zelikman et al.,
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2023) [116] improves the scaffold that improves code, the Darwin Godel Machine (Zhang et al., 2025) [117] keeps an
archive of self-modified coding agents chosen by benchmark score, AlphaEvolve (Novikov et al., 2025) [118] evolves
programs under automatic evaluators, and Voyager (Wang et al., 2023) [119] grows a library of verified skills that later
tasks reuse.

RCE takes the structure of the Godel machine and the library of Voyager, with two differences that avoid the obstacle
for the objects it promotes. First, the object that improves is not the prover. RCE promotes handlers, rewrites and
gears, and each is checked against a fixed, separately certified kernel: the Kani harnesses and the SMT encoding
never change through promotion, so no step needs to trust a successor’s proof system. Second, the gate is a proof
of correctness at the boundary, not a score. A score can rise while an interface assumption breaks; a proof at the
boundary cannot be passed by a change that breaks it.

Proposition R1 (monotone correctness). If every promoted change passes the check of its boundary, and the checks of
the other boundaries are unchanged, then every property established by those checks before the promotion still holds
after it.

Proposition R2 (compounding). Let a workload be a multiset of tasks and let a promoted handler close every task of
its shape. Then the number of escalations in round t is nonincreasing in t, and a correction promoted before round
1 lowers the cumulative escalations of every horizon by the escalations it closes in each later round. In the engine
demo’s reference workload, cumulative escalations over eight rounds fall from 21 to 15 with one correction at the
sinks, and reach zero in the last round in both cases, with every task closed correctly and no promotion refused.

Figure 4 draws the mechanism of Propositions R1 and R2 with the reference workload’s totals.

Corrections compound upward ( Diagram )
A correction promoted at any level is inherited by every level above it, under the gate.
( \
Intent

every level above inherits it

what the person means (Propositions R1 and R2)

J .

Cumulative escalations, eight rounds
playground reference workload, RCE §2.4

Form

state, events, transition

.

No correction

Gate 21

tests, coverage, proof certificate
One correction at the sinks

) Both reach zero escalations in the last round;
no promotion was refused.

Projections
Rust, Python, WASM, XState, SCXML

Runtime
handlers, gears GO to G5

correction promoted here
after it passes its boundary check

G- e

Hardware and energy

op counts priced in joules

Figure 4. Corrections compound upward. Diagram of the stack, with a data inset: cumulative escalations over eight
rounds of the engine demo’s reference workload, 21 with no correction and 15 with one correction at the sinks (Proposition
R2; RCE engine demo). A PNG copy is provided.

Proposition R3 (falling cost). Since a promoted handler is executed in place of a model call, and its cost is the op count
of the handler priced by the substrate table, the energy of a round falls toward the energy of the handlers alone as
escalations fall toward zero.
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Futamura’s projections (1971, republished 1999) [120] and Turchin’s supercompilation (1986) [121] give the limit of
this process. Specializing an interpreter to a program yields a compiled program; specializing the specializer yields
a compiler. RCE’s promotions specialize the general escalation path to the shapes that actually occur, so the engine
converges toward the residual program of its workload: the part of the computation that a model or a person must still
supply. Recursive self-improvement under a gate is that convergence, made with checked steps. The Compounding
layer of the RCE engine demo runs this workload in the browser.

3. The Form
3.1 The strongest formal statement of “same form”

The scope of the theorem is stated first. Gurevich’s sequential postulates cover sequential algorithms; parallel and
interactive algorithms need the further postulates of Blass and Gurevich [3]. Blass, Dershowitz and Gurevich argue
that no single equivalence relation on algorithms fits every purpose [79], and Moschovakis and Vardi set out the debate
over what an algorithm is [80, 81]. A web handler that does input and output sits outside the sequential theorem. The
Form handles interaction the way the interactive line does: each input is an event in E, and the state machine steps
on it. So “one Form” is a modelling choice grounded in the sequential theorem and extended by convention, with
production precedents in the Elm architecture [83], durable workflow event histories [84] and stream semantics such
as Flo [82]. The propositions of Section 3.4 are stated for that choice.

Gurevich’s Abstract State Machine (ASM) theorem is the strongest formal statement that every algorithm has one
shape [2]. An abstract state machine is a machine whose states are first-order structures and whose step is a finite set
of guarded updates. Gurevich states three postulates. Sequential Time: an algorithm has states, initial states and a
one-step map 7. Abstract State: states are first-order structures over one fixed vocabulary, closed under isomorphism.
Bounded Exploration: a finite set of terms decides each step. His Main Theorem (Theorem 6.13) reads: “For every
sequential algorithm A, there exists an equivalent sequential abstract state machine B.” Blass and Gurevich extend it
to parallel algorithms [3]. Dershowitz and Gurevich add a fourth axiom, that initial operations are computable, and
from it derive Church’s thesis [4].

3.2 Definitions

Definition 1 (the Form). A program is a tuple

P =(S,E,3,D,1)

« § = Z. X X4, the state space: structures over a fixed vocabulary Z, split into control regions X, and data %;.
%4 holds the logical clock, the input count and the typed relations (in the language, also the declared regions).
Each state is a database instance in Codd’s sense [5].

« E, the event alphabet, including the logical clock tick.

« J : SXE — S X 0%, the transition: total, deterministic and pure, written as a finite set of guarded updates “if
@ then f(f) :=t,”, each step reading a bounded set of locations. It returns the next state and the outputs of the
step. Write §; = 7, o & for its state component.

« D, the durable log: a sequence of entries {seq, event, prev_hash, state_hash, hash}, where state_hash is the SHA-
256 of the canonical JSON of the state after the step, hash is the SHA-256 of the canonical JSON of the first four
fields, and the first prev_hash is 64 zeros. The log is a hash chain, so changing any past entry changes every later
hash.

e A=my08 : SXE — O the output map. A Mealy machine reads both arguments [6]; a Moore machine reads
the state only [7].

Definition 2 (Form and fit). The form is the tuple shape with four invariants: § is deterministic and pure; exploration
is bounded; the vocabulary is fixed; state is the fold of the log,

state(D) = foldl(&,, s, D).

A log may also carry each entry’s outcome, outputs and state. These are derived: they are not hashed, and they must
equal replay (T1 and T3 of §3.7). Two kinds of rejection are distinct. In the engine profile every event is applied, and
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an input that fails its contract produces a reject output and an error row. In the language a refused event leaves the
state unchanged (T8) and is recorded as refused.

The fit is the data that fills the shape: the vocabulary %, the alphabets E and O, the rule program II that defines &, the
output rules that define 4, and the initial data sy. In Gurevich’s terms the fit is the vocabulary, the ASM program and
the initial structures. In Codd’s terms X is the schema and s, is the instance. In product-line terms a fit is a feature
selection [8]. In syntax-guided synthesis (SyGuS) terms a fit is a term from a grammar that meets a specification [9].

Definition 3 (fit equivalence). Two fits are equivalent when, for every event sequence L, their output sequences under
A are equal.

Definition 4 (fit language). A grammar whose terms denote fits. Programming languages, SCXML documents, XState
configurations and . rce specifications are fit languages. A fit language is complete when every ASM program over X
has a term in it.

Definition 5 (control projection). Split £ = X, U Z; into finite control symbols and data relations. The statechart of P
is the projection of § onto Z.: states are values of X, transitions carry an event and a guard over X4, and actions are
updates to ;. Harel’s statecharts give the hierarchy and the orthogonal regions [10].

Definition 6 (fit e-graph). For a fit F and a set R of sound rewrites, the fit e-graph EG(F, R) is the saturated e-graph of
F’s rule terms under R [11, 12]. Each e-class holds fits equivalent by Definition 3.

Definition 7 (joule cost). cost;(¢) is the estimated energy (est_j) to run term ¢ once on a named substrate, weighted
by the expected number of runs.

3.3 Why “database functional state machine”

A finite relational structure is a database instance, so a Gurevich state is a database and each step is a bounded transac-
tion. Database: S is a relational structure. Functional: § and A are pure. State machine: runs are folds of § over events.
Moseley and Marks draw the same line in architecture [13]. Event sourcing draws it in application state: “Capture
all changes to an application state as a sequence of events” [14]. Dedalus draws it in logic, where mutable state is a
relation indexed by time [15].

3.4 Propositions

Proposition 1 (the Form captures every sequential algorithm). For every sequential algorithm A there is a Form in-
stance P whose runs are the runs of A.

Proof sketch. Theorem 6.13 gives an ASM B with the states, initial states and one-step map of A. Set E = {¢}, §(s,€) =
75(8), D = (59,€™) and A the identity. The fold after n ticks is 7j(so). By Gurevich’s Corollary 3.3, P and A have the
same runs. W

Proposition 1b (interactive programs). Extend X with a nullary input symbol set to e before each step; then §(s, e) =
7(s[in := e]) is a sequential algorithm over the extended vocabulary, and Proposition 1 applies. The construction is
ours.

Proposition 1c (computability). Under the Dershowitz and Gurevich axiom, every Form instance computes a Turing-
computable function [4, 16, 17]. The Form adds no power. It gives every program in the class one shape.

Proposition 1d (proofs are fits). “For each proof of a given proposition, there is a program of the corresponding type”
[18]. A type is a specification and a proof is a fit that meets it. The correctness gate is the existence of that proof or of
a passing acceptance test.

Proposition 2 (one generator). One function G : Fit — Program generates a runnable program for every fit and reads
no domain. Basis: every program is a Form instance, so G emits a typed store, an event type, compiled rules, a log
with a fold and an output dispatcher. Scaffolders such as Rails generators, JHipster and Yeoman are G restricted to
small fit languages. Product-line engineering starts from “the systematic discovery and exploitation of commonality
across related software systems” [8]; the commonality is the Form.

Proposition 3 (least-energy extraction). Extraction with cost; returns the least-joule term the extractor finds in the
e-class of F. Proof sketch. The rewrites are sound, so every term in the e-class has F’s observable behavior and passes
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the same gate. Extraction minimizes the cost, and the cost is joules. B This is Mixture of Limits applied to code: keep
the minimal fit that does the task, and the rest is waste.

Proposition 4 (replay determinism). If § reads no wall clock, orders updates without names and logs every input, two
replays of one D give identical state hashes at every step.

Proposition 5 (statechart projection is sound). Project each state of a run onto X.. The result is a run of the emitted
statechart under the same events.

Proposition 6 (coordination budget). Rules tagged monotone run on replicas without coordination; only non-
monotone rules need a coordination point. Basis: the CALM theorem, “the programs that have consistent,
coordination-free distributed implementations are exactly the programs that can be expressed in monotonic logic”
[19].

The tag is derived from the rule, never declared, and the IR check refuses a Form whose stored tag differs from the
derived one (specification, Appendix D.5):

Rule has Tag Reason

no resolve, read, join or scan monotone its writes only add keys and grow counters

a resolve not monotone it deletes escalation rows

aread of its own sink not monotone read, modify, write

a keyed join not monotone the joined row may be absent now and
present later, or overwritten

a scan not monotone it observes the whole relation, including what
is absent

The tag is sound and not complete: a join against an insert-only relation would be monotone, but the profile does
not prove that a relation is insert-only, so the tag does not claim it. A Form is coordination-free when every rule is
monotone. Every read, join and scan sees the state at the event’s entry, so the post-state of an input event does not
depend on the order in which rules for different sinks run; only the output order does, and it is fixed by content hash.

Proposition 7 (intelligence as a joule derivative). Let X count tasks through the gate and J the joules spent. t = dX/dJ
is read in hindsight from D, which records every event and its est_j. Extraction under cost; holds the gate fixed and
does not raise J, so at equal X it does not lower .

3.5 Graph, e-graph and statechart

Structure Part of the Form What it decides

Statechart Guards of § over X Which transition fires

Dataflow graph Read and write dependencies of § and 4 What runs, and in what order
(Kahn process networks [20])

E-graph The equivalence class of the fit Which equivalent fit runs

The statechart and the graph describe one fit. The e-graph describes every fit equivalent to it. Extraction chooses
among them by joules.

3.6 One ecosystem, lossless, and the universality thesis

Lossless by construction. Shannon’s source coding theorem fixes the floor for a lossless code at the entropy of the
source [40]. A Form is alossless code for intent in a narrow sense that can be checked: the canonical serialization of the
Form is injective, so two Forms that differ in any state, event or transition have different shape hashes, and decoding
the serialization gives back the same Form. Each projection to a target is a function of the Form alone. Bidirectional
transformations make the round trip precise. Foster, Greenwald, Moore, Pierce and Schmitt define a lens as a pair of
get and put functions with round trip conditions that make a view and its source agree [122], Hofmann, Pierce and
Wagner extend the conditions to symmetric lenses [123], and Czarnecki and colleagues survey the same consistency
conditions across model engineering, databases and programming languages [124]. RCE’s round trip condition is the
GetPut condition at the level of the whole program: lift a projection back and the shape hash is unchanged.
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Correct by construction. Dijkstra proposed in 1968 that a program and its proof be developed together, so that cor-
rectness is designed in rather than tested for [125]. Hall and Chapman carried the approach into a commercial secure
system with formal specification and refinement at every step [126]. Minsky’s rule for typed functional programming,
make illegal states unrepresentable, says the same at the type level: a type that cannot hold a bad value removes the
need to check for it [127]. Turner’s total functional programming requires every function to terminate on every input,
so that a program denotes a mathematical function with no hidden failure [128]. RCE’s Form is total in Turner’s sense,
its contract types make undeclared states unrepresentable in Minsky’s sense, and the refinement chain of §2.1 ends
in it in Dijkstra’s sense. The consequence is the one stated in §1: an error is refused at entry, so there is nothing to diff
or track after the fact.

The universality thesis. Stated in theory terms, the thesis is that there is one universal Form. Programs are authored
in it natively, every existing language is reachable from it as a faithful projection, and every existing program enters it
by lift. Gurevich’s thesis gives the ground: every sequential algorithm is captured, step for step, by an Abstract State
Machine at its own level of abstraction [2], and parallel algorithms likewise [3]. A Form is such a machine over a
database state.

Proposition Ul (capture). If a program in language L is a sequential or parallel algorithm in Gurevich’s sense, then
there is a Form whose transition simulates it step for step at the program’s level of abstraction [2, 3].

Proposition U2 (faithful projection). If the projection 7; of a Form to L preserves the Form’s trace on every input in
the contract, then the Form and its projection are interchangeable for every observer of the trace, and L adds nothing
the Form lacks.

Proposition U3 (lift by construction). Every programming language in use has a formal grammar, a parser that yields
a concrete syntax tree, an abstract syntax tree and a semantics fixed by its specification or reference implementation.
A lift Ay is built per language in three stages: the grammar, then the abstract syntax tree, then the Form, with each
construct of L given its Form rule by the semantics of L. A lift so built satisfies 7;(1;(p)) = p on behavior and
Ar(m1(F)) = F on shape hash, so the pair is a lens in the sense of [122], and a program in L is held as a Form with no
loss.

Proposition U4 (replacement). If U2 and U3 hold for language L, then no program needs to be written in L: it is written
once as a Form and emitted as L where a platform requires it.

U1 is a theorem. U2 is checked per target by differential testing (§5.1) and at large N in §2.3. U3 is a construction,
built language by language from the grammar up, and §8.7 states how the construction is measured as it is built.

3.7 The language: versions 0.6 and 0.7, costs and theorem status

The RCE language is defined by a written specification, now at draft 0.7 (/rce/spec/; source in the rce repository).
Each module selects its language version with a first-line comment. A module without it is version 0.5, the language
of sections 2 to 10. A module that declares # rce-version: 0.6 also gets Appendix C: par, for ... par, with
budget, workgroups, LVars, sessions and supervisors. A module that declares # rce-version: 0.7 has the language
of version 0.6 with one difference, the cost of standard library methods below (Appendix C.15). Appendix D defines
the engine profile, the handler specs and fits that this paper’s engine runs. A version 0.5 module never sees Appendix
C, so every valid version 0.5 program is accepted unchanged.
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Version gates: the first line fixes the meaning

Each module declares its version (spec 2.7, C.15). A change of meaning gets a new version, never a silent change.

4 ) e )\

version 0.5 version 0.6 version 0.7
(none) # rce-version: 0.6 # rce-version: 0.7
the language of 0.5 plus Appendix C: syntax and rules of 0.6;
sections 2to 10 23 words become keywords; the one difference:
-> par, for ... par, with budget, -> size-scaled method costs
no budgets workgroups, LVars, (C.6.4)
sessions, supervisors

standard library method cost standard library method cost standard library method cost
no budget to charge c_call = 4 4 + work(m, n, k)

\ J \ J

Errata apply to every version: saturating budget arithmetic; closed standard library; &mut write-back on fail (T33);
u64 at or above 263 exact; literal typing in fallible returns. Not part of any program’s meaning: the hash-chained log format, est_j receipts.

Which version governs a cost: the module that contains the call expression

main.rce lib.rce
# rce-version: 0.6 # rce-version: 0.7
use costs.lib module costs.lib
fn go() —> i64 pub fn sorted(n: i64) —> i64
with budget B var xs: List[i64] = [5, 3, 9, 1, 7, 2, 8, 4]
r = lib.sorted(1) ,/ xs.sort() # 4 + 8-[logz 8] = 4 + 24

Result (C.15 example): the budget is charged 24 more than the same call into an identical function declared in a 0.6 module.
The rule is lexical, closures included, so linking modules changes no cost. Checked in the reference evaluator and the emitted
Rust, Python and JavaScript programs. Listings abridged from spec/checker/tests/call_site_cost.rs.

Figure 5. Version gates: the first line fixes the meaning. Diagram: each module declares its version on its first line. A
module without a declaration is version 0.5, the language of sections 2 to 10, with no budgets. # rce-version: 0.6
adds Appendix C (23 new keywords; par, for ... par, with budget, workgroups, LVars, sessions, supervisors), and
a standard library method costs c.q; = 4. # rce-version: 0.7 has the syntax and rules of 0.6 and differs only in
method cost, 4 + w(m, n, k). Errata apply to every version. The version of the module that contains the call expression
governs its cost: a 0.6 function under with budget that calls an imported 0.7 function sorting 8 elements is charged 24
more than the same call into an identical 0.6 function. Source: specification 2.7, C.6.4 and C.15; listings abridged from
spec/checker/tests/call_site_cost.rs. A PNG copy is provided.

Budgets count work. A with budget block charges each operation a fixed cost from the table of Appendix C.6.4 and
traps with budget when the count runs out. The count is a proxy for work, not a measurement of time or energy;
est_j is separate.

Operation Cost

call of a user function or a closure, C¢qq; 4

standard library method on receiver size n, first-argument size k 4 in version 0.6; 4 + w(m, n, k) in version 0.7
channel send or receive 8

spawn 32

one par branch or for ... par chunk 16

list or map literal, or comprehension, with » results; [x; n] 4+n

index, slice, member access; unary operators; and, or; integer, booland 1
text operators and comparisons

float +, —, * 2
float /,% 8

14

Sizes are the UTF-8 byte length of a text, the length of a list and the number of entries of a map; any other value
has size 0. The method work w is fixed by the method’s complexity class in the reference evaluator: n + k for the
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linear methods on text, lists and maps (maps are ordered association lists), n[log, n| for sort (0 when n < 1), and
0 for the remaining methods. The calls that map, filter and fold make to their function argument are charged as
calls in addition. The arithmetic saturates at the largest 128-bit integer, and w never decreases when n or k grows.
The reference evaluator and the emitted Rust, Python and JavaScript runtimes compute the same function, and a test
checks that the budget trap falls on the same operation in all four.

Method cost by receiver size: version 0.6 and 0.7

Budget units charged per standard library call (C.6.4), no argument (k = 0). Log scales.

¢ 10,247 M= Version 0.6, every method:

10,000 / c_call=4
¢ flat; version 0.7 constant-class
/ methods also cost 4

4
/ —— Version 0.7, linear methods:

—_ 4+ (n+K
B 1,000 * /. 1,028 ( )
'c text, list and map receivers give
3 ' identical values
B 4 /
E / o " .
3 ¢ / —— Version 0.7, sort:
= @ 4 +n-[log, nl
H 100 /
; X3 () workis O forns<1
2 sort of 8: 28 vs 4 (+24) / ./
P
7]
8 /’/./

10 0/. Values from the reference evaluator

° @ | (conc::method_work, rce @ ac95172).
4=7___..___. ___i -l -Q-——N-——N-——N-——l-——-ma4 Budgetscountwork theyare not

joules or seconds (est_j is separate).

1 2 4 8 16 32 64 128 256 512 1,024

receiver size n (UTF-8 bytes of a text, list length, map entries)

Figure 6. Method cost by receiver size, versions 0.6 and 0.7. Data figure: budget units charged for one standard library
method call with no argument (k = 0), against receiver size n, from the C.6.4 cost table. In version 0.6 every method costs
Ceall = 4 Inversion 0.7 a linear method on a text, list or map costs 4 + n + k, sort costs 4 + n[log, n| (work 0 for n < 1),
and every other method costs 4. Sorting 8 elements costs 28 in 0.7, 24 movre than in 0.6. Budget units count operations;
they are not a measurement of time or energy. Values computed by the reference evaluator’s conc: :method_work (rce
ac95172). A PNG copy is provided.

Which version governs a cost. A program may join modules of different versions. The cost of a method call is fixed
by the declared version of the module that contains the call expression, including a call inside a closure written there,
and not by the version of the function being run, of its caller or of the program’s first module. The rule is lexical,
so linking modules changes no cost; specification 2.7 states the same rule and points to C.15. Tests check it at the
boundary in both directions on the reference evaluator and on the emitted Rust, Python and JavaScript programs: a
0.6 function under with budget that calls an imported 0.7 function sorting an 8-element list is charged 24 more than
the same call to an identical 0.6 function.

Theorem status. The specification states theorems T1 to T34 and records the status of each exactly. The proofs are in
Lean 4 (v4.12.0, no Mathlib) over a core calculus. The words used for the level of a result are these. Proved means
a Lean proof about the core semantics of the language. Proved on a semantics means a Lean proof over a small-step
semantics of a core of RCE. Model means a Lean proof about an abstract model that is not connected to the RCE
semantics or to the reference evaluator. Vectors means the reference evaluator’s results on generated programs are
checked against the model by the Lean kernel, which is a correspondence on samples, not a proof about the evaluator.
Tested means differential testing on stated inputs. Checked mechanically means decided by a program, such as an
LALR(1) table builder.
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Statement

Level

T1

T2

T3

T4

T5

T6

T7

T8

T9-F

T9-L

T10

T11
T12

T13

T14
T15

T16 to T31

T32

T33

T34

determinism: one result per state and event;
one result per tick of the concurrency
semantics

totality of &, with an explicit bound on
evaluation steps; structural recursion and
bound composition along the call graph

the runtime state is foldl(81, g, D) and
replay reproduces every hash and output
progress, including ticks (some task moves, or
the run ends or reports Deadlock)
preservation, including the integer range of
every written field

memory safety, full borrow paths, no mutable
sharing between tasks

name independence of log hashes, ids and
select choices

atomicity: a refused event leaves the state
unchanged

the Form IR targets (Rust, WASM, Python,
XState, SCXML) print the reference trace

the program emitters (rust, python, js) agree
with the reference evaluator

the grammar is unambiguous

select fairness

a linear handle is consumed exactly once on
every path

32 operations give the same bits on targets
that agree on IEEE 754

checked u64 arithmetic is exact in range
iterators end, respect the loop limit and are
prefix-consistent

version 0.6 concurrency: par determinism,
commutation, reductions, deadlock freedom,
deadlines, workgroups, vector clocks,
priorities, scopes, actors, sessions, LVars,
atomic batches, replicas

foreign replay: for every oracle, replay of the
log equals the live run, and an answer
contract holds of every logged answer

&mut write-back: copying out on every
outcome equals in-place update; copying out
only on success does not

the order-preserving ANF pass before every
emitter gives the same value, store and trace
of charges and emits

proved

proved (the Lean expression core has no user
function calls; recursion and composition are
proved on separate models)

proved

proved
proved

proved for the ownership core and an
instrumented semantics of borrow paths
proved

proved
tested

proved for the Rust emitter on a core, as a
verified translation into MiniRust, a deep
embedding of the emitted Rust subset; that
rustc implements MiniRust is trusted and
tested; the other emitters tested

checked mechanically (LALR(1), O conflicts,
for both versions) and sampled by a fuzzer
proved on the rotation model

proved on a statement model

proved for multiplication; for addition,
subtraction and division the single-rounding
property is Figueroa’s theorem, cited and not
mechanized

proved

proved

proved on a semantics: T16, T17, T19a, T20,
T23; proved on a model of runs: T24; proved
on a session calculus: T28; model: T18, T19b,
T21, T22, T25, T26, T31; model with vectors:
T27, T29, T30. None is a proof about the Rust
reference evaluator

proved

proved

proved for a core fragment with full ANF; the
implementation is tested differentially on
every target, including a sweep of budgets
across the trap point

T9 has two target sets because the paper’s engine and the language have two compilers. T9-F is the claim about rce
form ——emit, which §5.1 measures. T9-L is the claim about the language’s program emitters. A target outside these

sets has no T9 claim.
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Theorem status, T1 to T34

Level of each result as recorded in the specification (draft 0.7). Lean 4 v4.12.0, no Mathlib.

ﬂ ™ determinism M T18  reduction tree equals left fold
n T2 totality of &, explicit step bound B T19a par: no deadlock, no divergence
recursion and composition on separate models

ﬂ T3 fold law and replay M T19b acyclic waits-for

n T4  progress, including ticks B T20  equal run lengths of par
ﬂ T5 preservation, integer ranges M

p* ‘ T6 memory safety M T22  deadline block, one outcome
ownership core; instrumented semantics of borrow paths

ﬂ T7 name independence B T23  workgroup phase-then-lane

n T8  atomicity of refused events M+ | T24  happens-before iff vector clocks
model of runs

T21 nondeterministic choices replay

T9-F  Form IR targets print the reference trace M T25  priority admission
Rust, WASM, Python, XState, SCXML
p* ‘ T9-L  program emitters agree with the evaluator M T26  scope ends after children
Rust emitter on a core (MiniRust); python, js tested
n T10  grammar unambiguous MV T27  actor matches sequential spec
LALR(1), 0 conflicts; fuzzer samples
M+ ™ select fairness M+ T28  session duality, progress
rotation model session calculus
M+ T12  linear handle consumed once % T29  LVar puts commute
statement model
p* ‘ T13 {32 same bits across targets MV T30  atomic batch all or none
multiplication; + - / by Figueroa, cited

n T14  checked u64 exact in range T31 replicas agree on prefixes

M
n T15  iterators end, limit, prefix n T32  foreign replay
a T16  par equals source order ﬂ T33  &mut write-back

a T17  branch steps commute p* ‘ T34  order-preserving ANF pass
J core fragment; implementation tested on every target

u Proved: Lean proof about the core semantics ? | Proved for a stated core or fragment; rest tested or cited

u Proved on a small-step semantics of a core of RCE M+  Proved on a named model (rotation, statement, runs, session calculus)
M Model: Lean proof about an abstract model MV Model, with evaluator vectors checked by the Lean kernel

Tested: differential testing on stated inputs n Checked mechanically (LALR(1) tables)

T16 to T31 are version 0.6; none is a proof about the Rust reference evaluator. Kani checks the engine kernel (Section 5.3), not these theorems.
Audit at rce ac95172 (spec identical at engine 1eb5f0266): lake build of 31 files, no sorry; 2,192 RCE theorems use only propext, Quot.sound, Classical.choice.

Figure 7. Theorem status, T1 to T34. Level of each theorem as recorded in the specification, draft 0.7. P: Lean proof about
the core semantics. Px: proved for a stated core or fragment, the rest tested or cited. S: proved on a small-step semantics of
a core of RCE. M+: proved on a named model (rotation model, statement model, model of runs, session calculus). M: Lean
proof about an abstract model. MV: model, with reference evaluator vectors checked by the Lean kernel. T: differential
testing. C: checked mechanically. T16 to T31 belong to version 0.6, and none is a proof about the Rust reference evaluator.
Lean 4v4.12.0, no Mathlib. Source: spec/book/10-theorems.md and Appendix C.13. A PNG copy is provided.

Checks run for this version. At engine commit 1eb5f@2, lake build completes over the 31 files of spec/1lean/RCE/
with no sorry, and the standing audit reports the axioms of 2,192 RCE theorems as only propext, Quot.sound and
Classical.choice. Kani verifies 10 of 10 kernel harnesses (§5.3). The engine tests (cargo test --release) pass
589 distinct tests with 0 failures (2 ignored); make check reports 596 because its proof step runs 7 of those tests a
second time. The reference checker, built from the public repository as its continuous integration builds it, passes 56
tests in the default build and 112 with the version 0.6 and 0.7 suites enabled, with 0 failures, and 57 with the tree-sitter
agreement test. The specification check builds the LALR(1) tables of version 0.5 and of versions 0.6 and 0.7, which
share a grammar, with 0 conflicts and parses every example with three parsers, and the WebAssembly build of the
checker passes 401 of 401 checks against the example corpora.
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Verification at a glance

Engine commit 1eb5f02; spec, Lean and WebAssembly checks at rce ac95172, with the same Lean, book and checker sources.

4 N N\ [ \
Engine tests (cargo test --release) Lean 4 (v4.12.0, no Mathlib) WebAssembly checker (wasm-test)
589 pass 2,192 theorems 401 / 401
0 failed, 2 ignored 31 files, lake build, no sorry committed browser builds checked
make check prints 596: it runs 7 proof axioms: propext, Quot.sound, against the example corpora
tests twice (scripts/proofs.sh) Classical.choice only (tree-sitter wasm + checker-wasm)
. J L J L J

Kani 0.67.0: 10 of 10 kernel harnesses verified, 0 of 7,425 checks failed

checks per harness (all passed)

fold_rejects_wrong_state (N 730
fold_equats_replay (N 7o
handler_core_ifhas ([ o4

handler_core_pipetine ([ <50
handler_core_vatidate ([ o2
handler_core_teaves ([ — os
reason_tokens_are_name_independent _ 677
position_is_name_independent _ 216
chain_detects_tampering _ 682
chain_appended_verifies _ 523

0 250 500 750 1,000

Specification check (rce-spec-check, default build)

LALR(1), version 0.5: 932 states, 0 conflicts LALR(1), versions 0.6 and 0.7: 1,110 states, 0 conflicts
valid examples accepted: 51 of 51 (0.5); 51 of 51 (0.6 cases) syntax rejects refused: 12 of 12 (0.5); 17 of 17 (0.6)
ill-typed or inadmissible refused: 64 of 64 (16 inadmissible)

Tree-sitter cross-checks need the tree-sitter CLI and were not rerun here.

Figure 8. Verification at a glance, engine commit 1eb5f02. Data figure. Engine tests (cargo test --release): 589
pass, 0 fail, 2 ignored; make check reports 596 because it runs 7 proof tests twice. Lean 4: lake build over the 31 files of
spec/lean/RCE/ with no sorry; the audit reports 2,192 RCE theorems whose axioms are only propext, Quot.sound and
Classical.choice. Kani0.67.0 verifies 10 of 10 kernel harnesses with 0 of 7,425 checks failed (bars: checks per harness).

The WebAssembly build of the checker passes 401 of 401 checks against the example corpora. The specification check builds
LALR(1) tables with 0 conflicts for version 0.5 (932 states) and for versions 0.6 and 0.7 (1,110 states), accepts 51 of 51 valid
examples and refuses 12 of 12 syntax rejects and 64 of 64 ill-typed or inadmissible programs. The Lean, WebAssembly and
specification checks were run on the public repository at ac95172, whose specification sources are identical to the engine’s.

A PNG copy is provided.

A convergence observation. The catalogue at agentlanguages.dev, read on 13 October 2026, lists 42 languages designed
for AI agents to author code, grouped by its editors into a syntactic camp, a verification camp and an orchestration
camp. Several design choices in this paper, such as mechanically checked contracts, hash-chained logs, deterministic
replay and one canonical form per program, appear in its descriptions of other projects that were developed indepen-
dently. This is an observation that the choices recur. It is not evidence that they are correct, and this paper makes no
comparison with those projects.

4. The engine: gears, gate and receipts
4.1 The engine is a Form

RCE runs software as a graph of small deterministic handlers. A handler that cannot decide raises an escalation.
A resolver answers the escalation once, and the answer is installed as a permanent handler, so the next case of
the same shape runs with no resolver. The engine meets every Form invariant, each checked by a named test in
tests/form_laws. rs:
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Invariant What the engine does

Reload is a verified fold Reload reads the log verbatim, recomputes every hash and link, and
folds the rest with 8. Nothing is re-stamped. A broken chain refuses to
load.

Name-free tick order Handlers run in topological rank order, then by a name-free node key.

Outputs are staged and delivered after all handlers run, as in ASM
semantics. Renaming every node gives the same anonymous state
hash at every entry.

No silent drop A full mailbox holds the message in an ordered queue and logs
Backpressure. With capacity 1 and 10 tasks, 9 Backpressure entries
are logged and all 10 tasks close.

Payloads are in the log Inputs, ticks, external handler results, installs and faults are log
entries. The state hash after every entry matches a fold from an empty
engine, on 1,000 random logs.

Logical clock Liveness counts ticks, not wall time.

Stable hashes SHA-256 (Secure Hash Algorithm, 256-bit) over canonical JSON, keys
sorted at every depth, for entries, states, shapes and rule ids.

4.2 The gears

Each gear is tried only when the gear below it does not pass the gate. That order is one fixed cascade.

Gear Method Lineage

GO Lookup A shared handler library keyed by SHA-256 Code search and retrieval [21]
shape hash; for code repair, localization to
ranked functions

G1 Rules Deterministic, guarded repair templates and PAR, TBar, AVATAR, FixMiner [22, 23, 24,
schema-derived validators, each checked for 25]; codemods such as Coccinelle [26]
mutation sensitivity

G2 Synthesis Enumeration over the handler grammar, Sketching, SyGus, egg [27, 9, 12]
solvers and e-graphs

G3 to G5 Models A typed decision model, a local small model, Model cascades [28]

then a remote model, last

4.3 The gate

A candidate is promoted only when it passes the gate. The gate replays the node’s recorded inputs, runs the candidate
in shadow on fresh samples with a coverage bound (the rule of three at a declared error budget), checks the output
schema, and requires the proof certificate of Section 5. A rejected candidate is logged with its counterexample.
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Models propose, checkers decide

Gears run in order of cost; the first candidate that passes the gate closes the task (Sections 4.2 and 4.3).

| 25 il promotion feeds GO ' sssssssnnnnnn—. :
( ) 4 \ .
GO Lookup The gate ( Pass: promots )
shared handier ibrary keyed by SHA 258 shepshash [P same checks for every gear stored .as e
\ J @ replay the node's recorded inputs the same shape

. closes at GO

T
vno pass: next gear

( ) next time
G1 Rules )
guarded repair templates, schema-derived validators _’ o :223::{;“;03: df:s‘::::: :;)es with L )
\. - J
Y no pass: next gear © output schema check
( ) r N\
G2 Synthesis Fail: reject
z?:rr::lzznon over the handler grammar, solvers ' o proof certificate: Clooligztrje:/:rhn itls .
\_ ) Kani kernel harnesses (proofs/kani.cert) e

B escalate to the

T
vno pass: next gear
next gear

e rewrites:
G3 to G5 Models randomized check, then a Z3 proof
typed decision model, local small model '

remote model, last

Every promotion, refusal, deferral and install is an entry in the SHA-256 chained log, with a receipt (Figure 8).
The Kani harnesses and the SMT encoding are fixed: promotion changes handlers and rewrites, never the checker.
Gear names in the engine: GO library, G1 rules, G2 synthesis, G3 system-one, G4 local-model, G5 remote.

Figure 9. Models propose, checkers decide. Diagram: gears run in order of cost: GO Lookup, G1 Rules, G2 Synthesis, G3
to G5 Models (a typed decision model, a local small model, then a remote model). Every candidate passes through the
same gate: replay of the node’s recorded inputs, a shadow run on fresh samples with a coverage bound, an output schema
check and the Kani proof certificate; a proposed rewrite also needs a randomized check and then a Z3 proof. A candidate
that passes is promoted and closes the same shape at GO next time; one that fails is logged with its counterexample and
the next gear is tried. The Kani harnesses and the SMT encoding do not change through promotion. Source: Sections 2.2,
4.2,4.3,4.6,5.2to0 5.5. A PNG copy is provided.

4.4 Receipts

Every promotion, refusal, deferral and install is a mutation in an append-only log chained with SHA-256, so tampering
with any past entry breaks the chain [29, 30]. Each handler’s cost is priced from interpreter operation counts with the
host cost table of FGIR, the native-code backend of flowG, and labeled est_j. Each foreman call carries its receipt.
A receipt names the gear, the method of the estimate (basis), the candidates tried and whether the gear resolved the
escalation. Its est_j field is required: it is a finite non-negative number, or null, and null is allowed only when basis
says unpriced, as for a model call with no energy figure. A receipt with the field missing does not parse. An unpriced
cost is never read as zero, so a total over receipts reports its priced and unpriced invocations separately, and a saving
that depends on an unpriced resolution is reported as unknown. The ladder runs add a package energy counter on a
subsample, labeled reported_j.
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The log is a hash chain; every cost carries a basis

Entries of D (spec 6.1) and the receipt rule for est_j (Section 4.4). Hash labels are symbolic.

4 N 4 N\ 4
entry 0 entry 1 entry 2
seq 0 seq 1 seq 2
event IN_source event TICK event RESOLVE_node
prev_hash 000..0 (64 zeros) /g;ex—_-haeh-} he /gce.v—_-hae-lr} h1
state_hash H(se) / state_hash H(s1) / state_hash H(s2)
hash ho —/ hash ha —/ hash h2

\. J \ J \

H(x) = SHA-256 of the canonical JSON of x (keys sorted at every depth). state_hash = H(state after the step); hash = H({event, prev_hash, seq, state_hash}).

Change any past entry and every later hash changes; reload recomputes each link and refuses a broken chain.
outcome, out and state may be carried beside an entry; they are derived, must equal replay, and are not hashed.

Receipt of one gear on one escalation

est_j rule (fail closed)

gear "ea” est_j is required: a receipt without the field does not parse.
gear_name "local-model" Either a finite number = 0 (joules, an estimate),

est_j null or null, allowed only when basis says “unpriced”.

basis "local OpenAI-compatible endpoint; Model-call receipts carry est_uj (microjoules), same rule.

no energy figure (unpriced)"

candidates_tried u32

resolved

bool

Totals report priced and unpriced counts separately;

unpriced is never read as 0 J.

Labels: est_j is an analytical estimate; reported_j is an OS or on-chip counter; measured_j is a wall meter and is empty in every result.
A saving that depends on an unpriced resolution is reported as unknown.

Receipt: field names and the G4 basis string from the engine source (src/foreman/traits.rs, gears.rs at 1eb5f0266); u32 and bool are types, not values.

Figure 10. The log is a hash chain; every cost carries a basis. Diagram: entries of the durable log D are {seq, event,
prev_hash, state_hash, hash}. state_hash is the SHA-256 of the canonical JSON of the state after the step; hash
is the SHA-256 of the canonical JSON of {event, prev_hash, seq, state_hash}; the first prev_hash is 64 zeros,
so changing any past entry changes every later hash. A gear receipt carries gear, gear_name, est_j, basis, candi-
dates_tried and resolved. est_j is required and is a finite non-negative number, or null only when basis says un-
priced; model-call receipts carry est_uj in microjoules under the same rule. An unpriced cost is never read as 0 J. Hash
labels are symbolic. Source: specification 6.1 and Section 4.4. A PNG copy is provided.

4.5 The Form compiler
rce form takes a specification and its fit and emits five targets from one Form IR:

.rce spec + fit

lower — normalize — egg e-graph, equality saturation (+ admitted proposals)

— extract (cost = est_j) — Form IR (typed relations, regions, rules with SHA-256 ids)
|— Rust crate (pure step, typed state, SHA-256 log and fold, tests)
| - WASM (the same crate on wasm32-wasipl)
I Python (standard library only)
- XState v5 machine
L SCXML document, executed by SCION

The IR fixes one behavior at every numeric edge: checked 64-bit integer overflow is an error and never wraps; integer
/ truncates toward zero (—7/2 = —3); % takes the dividend’s sign (—3 mod 2 = —1); division by zero is an error; floats
are IEEE 754 binary64 and a non-finite result is an error; null and absent are distinct; time is the logical clock only.
Every target is generated. None is authored.

A process, HTTP or closure handler has no term, so its logged results compile to a recorded oracle keyed by the SHA-
256 of the canonical input. rce scan DIR --form lifts existing Rust, Python, TypeScript and Go into the Form’s
schema, and every lifted element is labeled as a syntactic lift.
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4.6 Method: the whole stack evaluated, every interface assumption explicit

A program is a stack of levels: tokens and statements; handlers; the Form, a single step function§ : S X E — S X O*
over S = X, X X, (control regions; data: the clock, the input count and typed relations); the log, a SHA-256 hash chain
whose entries record each event, the hash of the state it produced and the hash of the previous entry; the rewrites that
transform the Form; and the substrate that executes it. Each level rests on assumptions about the level below. RCE
does not treat any level as fixed. It evaluates the whole stack, writes each interface assumption down as a checkable
statement, and checks it on every run.

Boundary Assumption Check
source to handler an input satisfies its source contract the contract check at the input event of &
handler to sink every Ok output satisfies the output schema handler proof (verify::handler_proof), total
and deterministic by the Kani-checked kernel
evaluator
log to state every entry carries the hash of the state it kernel fold, which refuses the first entry
produced whose hash does not match (Kani harness
fold_rejects_wrong_state)
rewrite to Form a rewrite preserves the output for every input randomized check, then an SMT proof with
Z3
stub to foreman a handler that cannot decide escalates instead stub handlers emit escalations; resolutions are
of guessing promoted only through the promotion path
Form to target every emitted target computes the same & every target carries the same reference trace

A failed check locates the break at the boundary where it occurs. The correction is made at that level, passed through
the check of that boundary, and promoted. Every level above the corrected one inherits the correction without further
change, because each level above consumes the corrected level only through the interface whose assumption is now
checked. This is the sense in which corrections carry upward and compound. The RCE engine demo runs this in the
browser on the RCE core compiled to WebAssembly: its Interfaces layer breaks each assumption and shows the check
that detects it, and its Compounding layer shows the correction carrying into every later round.

5. Verification
5.1 Differential testing across five targets

tests/form_targets.rs drives an eleven-operator arithmetic specification with 29 edge events plus 500 seeded ran-
dom edge values. The generated Rust, Python, WASM, XState and SCXML targets print the reference trace byte for
byte, including the arithmetic edges. This is differential testing in the line of McKeeman and of Csmith [86]: agree-
ment among independent implementations on a stated input set. It is not translation validation [85] and not a verified
compiler. It covers the eleven operators and the 529 events in the test, and it says nothing about inputs outside them.
The Z3 and Kani results below are the verification.

Figure 11 shows the five projections of one Form and the round trip of the two statechart targets.
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One Form, many projections

Each target is emitted from the same Form IR and checked against it.

project (deterministic: two compiles give the same bytes)

e N
Rust
native binary replay
\_ ) reference
trace
e R
Python
F module, replays trace
orm L )
state
events e
pure, total transition WASM
‘ browser engine
\. J
canonical JSON, one shape hash
XState
statechart JSON
back to
the Form

SCXML
W3C statechart XML

projection round trip: decoded projection is byte identical, same shape hash

D target runs the reference trace byte for byte (Section 5.1: 529 events, all five targets)

Figure 11. One Form, many projections. Diagram: deterministic projection to five targets (§4.5); the XState and SCXML
projections decode back to byte-identical bytes (§2.3); all five targets print the reference trace byte for byte on the 529 events
of tests/form_targets.rs. A PNG copy is provided.
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One Form, five targets, one reference trace

Two compilers, two claims: rce form projects the Form IR (T9-F); rce emit translates a checked module (T9-L).

Engine: rce form T9-F, tested

Rust crate Same reference trace

.rce spec + fit

r
|

handler spec and
the fit that fills it

All five print the Form’s

~N
J

WASM 32 - reference trace byte for byte
wasm32-wasi
(was asip1) on 529 events: 29 edge events

plus 500 seeded edge values,

[}

_’ 1

1

1

1

1

1

—P

. J :
' N !

lower, saturate, 1 ™ .
extract by est | : eleven-operator specification

1

1

1

1

_> 1

1

1

1

1

1

_> 1

1

Python (standard library only) (tests/form_targets.rs).

e
\

Form IR

state, events,

pure total 3,
SHA-256 rule ids

~\
J

Differential testing on that

XState v5 input set; not a verified

7
.

compiler.

~
J

N -

SCXML (run by SCION)

Language: rce emit TARGET FILE To-L

.rce module form rust python js

passes rce check ——| Form as canonical JSON Rust 2024 source Python 3 source JavaScript module, Node

on its own
proved on a core (MiniRust) tested tested

rust, python and js translate the checked module (not the Form) and agree with the reference evaluator.
Rust: verified translation into MiniRust on a core; that rustc implements MiniRust is trusted and tested. A target outside these sets has no T9 claim.

Box colour: areen = trace checked bv test: skv = broof on a core: vermilion = tested: nink = serialization.

Figure 12. One Form, five targets, one reference trace; two compilers, two claims. Diagram. Top: rce form lowers a
handler spec and its fit to the Form IR and projects it to a Rust crate, WASM, Python, XState v5 and SCXML; all five
print the reference trace byte for byte on 529 events (29 edge events plus 500 seeded edge values of an eleven-operator
specification, tests/form_targets.rs). This is T9-F, established by differential testing, not a verified compiler. Bottom:
rce emit TARGET FILE translates a checked module (not the Form) to formJSON, rust, python or js; T9-L is proved for
the Rust emitter on a core as a verified translation into MiniRust (that rustc implements MiniRust is trusted and tested),
and tested for the others. A PNG copy is provided.

5.2 Rewrites proved in Z3

Verified rewrite rules have a lineage. Ruler infers and checks rewrite rules by equality saturation with no model in the
loop [87]. The 3 of 16 model-proposed rules admitted in Section 5.5 are therefore a statement about the gate, which
refused 13, and not a claim that a model is the best rule source.

Every built-in e-graph rewrite is proved in the Z3 SMT solver (satisfiability modulo theories) [31] against a quantifier-
free encoding of the Form’s term evaluation and arithmetic: values as a datatype, 64-bit bit-vectors with checked
overflow, signed division and remainder with the dividend’s sign, and binary64 floats. A rewrite that changes overflow,
escalation order or a message gets no proof. A proposed equivalence enters the e-graph only with a proof.

5.3 Kani proofs of the kernel

The engine’s kernel (hash chain, fold, name-free positions and handler evaluation) is checked with the Kani model
checker for Rust [32]. Handler evaluation is the fixed point of a non-recursive step, and Kani proves that step total
and deterministic per constructor, by structural induction. Ten harnesses are verified with Kani 0.67.0, with 0 of 7,425
checks failed:

Harness Property
chain_appended_verifies An appended hash chain verifies
chain_detects_tampering A changed entry breaks the chain
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Harness Property

fold_equals_replay The fold equals replay
fold_rejects_wrong_state A fold that disagrees with the stored state is refused
position_is_name_independent Rule positions do not depend on node names
reason_tokens_are_name_independent Reasons are name-free by whole tokens
handler_core_leaves Leaf handlers are total and deterministic
handler_core_validate Validation is total and deterministic
handler_core_pipeline Pipelines are total and deterministic
handler_core_ifhas Guards are total and deterministic

5.4 Promotion gate on the proof certificate

The Kani run writes a certificate whose hash is stored in proofs/kani. cert. The engine, the log, rule ids and handler
evaluation route through the proved kernel, and promotion requires the certificate.

5.5 The model as a proposer behind the check

A model may propose equivalences. It may not admit them. With a local 1.5-billion-parameter coding model
(Qwen2.5-Coder-1.5B under llama.cpp) on the demonstration specification, the proposer offered 16 equivalences.
The check admitted 3, by randomized trials and a Z3 proof, and rejected 13. A deterministic proposer of 87 familiar
identities, 77 arithmetic and 10 structural, had 9 admitted, all structural, and 78 rejected: every arithmetic identity,
for fault order, non-numbers or overflow, and one structural rewrite, const-absorbs-pipe, which would drop an
escalating prefix (engine test tests/form_proposers.rs).

The gate on proposed equivalences

Equivalences offered to the e-graph and the count the check admitted (Section 5.5).

Local coding model . . .

Qwen?2.5-Coder-1.5B, llama.cpp
16 offered: 3 admitted (randomized trials, then a Z3 proof), 13 rejected

Deterministic proposer assasasas

77 arithmetic, 10 structural

87 offered: 9 admitted, all structural; 78 rejected: all 77 arithmetic
identities (fault order, non-numbers, overflow) and 1 structural rewrite

. admitted by the check: enters the e-graph not admitted: logged with its counterexample

One square per proposed equivalence. Counts from Section 5.5 and the engine test; the proposer never admits its own output.

Figure 13. The gate on proposed equivalences. Data figure: one square per proposed equivalence. A local 1.5-billion-
parameter coding model (Qwen2.5-Coder-1.5B under llama.cpp) on the demonstration specification offered 16 equiva-
lences; the check admitted 3, by randomized trials and a Z3 proof, and rejected 13. A deterministic proposer of 87 famil-
iar identities (77 arithmetic, 10 structural) had 9 admitted, all structural, and 78 rejected: all 77 arithmetic identities, for
fault order, non-numbers or overflow, and one structural rewrite that would drop an escalating prefix. Source: Section
5.5; deterministic counts from the engine test tests/form_proposers.rs. A PNG copy is provided.

5.6 Brownfield agreement

The lift reads the same order machine from Rust, Python, TypeScript and Go fixtures, runs the original code on 40
seeded sequences of 30 calls, and agrees on all 1,200 calls per language. A frozen benchmark, preregistered before
any result, re-expressed three existing sales-outreach programs as Forms. The Forms agree with the original code on
4,500 of 4,500 recorded inputs, and extraction lowers est_j on each (for example 1.69 X 1078 T t0 1.49 x 1078 J).
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6. Lift: entering the ecosystem from other languages

Lift is the door into the ecosystem for code written elsewhere. It is a construction, made per language from tools every
language already has: a formal grammar, a parser such as tree-sitter that yields the syntax tree, the abstract syntax
tree and the symbols that language-server tooling resolves (Language Server Protocol). rce scan DIR —-—form builds
the Form from that tree for Rust, Python, TypeScript and Go (§4.5, §5.6). A lifted program carries the faults of its
source, so lift includes repair, measured below on public bug corpora with the location given. Inside the ecosystem
these faults cannot be written.

6.0 The repair ladder on lifted code

A coding task is measured here by the intent bits it needs: the bits that must be supplied from outside what the
engine already holds (the program around the edit, the libraries, the tests, the index of known fixes). Writing H;
for the bits that pin the target artifact down and Hcpys for the bits the corpus already fixes, the supplied bits are
I = Hygg — Heorpus- A gear that ranks the right edit at rank r among its candidates has supplied log, r bits of search,
and the gate supplies the rest. The ladder orders tasks by edit size, an objective proxy for I: one token (L0O), one
statement (L1), one hunk (L2), several hunks in one file (L3), several files (L4), a function from a specification or tests
(L5), an issue-level change (L6) and a program from a specification (L7). The rungs, corpora, splits and hypotheses
were preregistered before the full runs; the files are in the public repository.

Median search
Wilson 95% CI  bits

Held-out test
Rung corpus N Solved Rate

PIT-style 520,821 520,541 0.9995 0.9994 to 2.3 0
mutants [109] 0.9995
of 9 real

repositories at

pinned

commits (Java:

commons-

math,

commons-

collections,

jsoup,

joda-time,

gson; Python:

click, attrs,

pydantic,

sympy)

Model calls

L0 one token

L0 one token,
repositories
never tuned on

L1 one
statement,
Java

L1 one
statement,
Java, full file

L1 one
statement,
Python

commons-text,
commons-io,
more-itertools,
httpx
ManySStuBs4J
2.0
single-hunk
fixes [107]
ManySStuBs4]J
2.0[107],
parent-commit
file with the
project
method and
guard indexes
TSSB-3M
v1.0.0, shards
14 and 15
[108]

23,015

24,072

21,320

157,089

23,015

9,288

13,586

27,266

1.0000

0.386

0.637

0.174

0.9998 to

1.0000

0.380 to 0.392

0.631 to 0.644

0.172 t0 0.175

2.0

3.5

4.8

4.8

Figure 14 plots the rows of the table with their intervals.
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Lift: repair ladder on held-out code

Rate solved with Wilson 95% intervals. Frozen engine, location given, token identity gate, 0 model calls.

LO one token, 9 repositories 99.95% (99.94 to 99.95)
N = 520,821

LO one token, never tuned on 100.00% (99.98 to 100.00)
N =23,015

L1 Java, whole file 63.7% (63.1 to 64.4)
N =21,320
N =24,072
L1 Python, hunk only | 17.4% (17.2 10 17.5)
N = 157,089
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

tasks solved, held-out test split

L2 to L4 (Defects4J held out) and L5 to L7 (SWE-bench Lite offline) are protocols in Section 8, not yet reported.
Colour marks the corpus family; intervals are computed from the counts shown.

Figure 14. The repair ladder on lifted code. Data figure: held-out test split, frozen engine, location given, token identity
gate, 0 model calls; Wilson 95% intervals computed from the counts. Sources: PIT-style mutants [109], ManySStuBs4J 2.0
[107], TSSB-3M v1.0.0 [108]; per-task rows in bench/ladder. A PNG copy is provided.

L2 to L4 are measured on the Defects4J held-out set of 288 bugs (Section 8.1). L5 to L7 follow the protocols of Section
8.2. The method, the gate and the energy of each row follow.

The rates read as intent bits. At LO the missing bits are almost all on the line, and a prior-ordered single-token neigh-
bourhood supplies them in a median of 2.3 bits. On the hunk-only L1 row the engine sees only the 7-line hunk.
It closes the categories whose bits are inside the hunk (Java: changed operator 91%, swapped boolean literal 84%,
swapped arguments 82%; Python: changed boolean literal 98.8%, swapped arguments 99.4%) and leaves open those
whose bits are outside it: method names (22%) and identifiers (37%) need the file and its types, and new conjuncts
(3% to 7%) and whole-statement rewrites (Python, 1.2% of a category that is 34% of the corpus) are new intent. New
intent is what a supplier (a specification, a test, a person or a local model) provides once, after which the fit is in the
index.

Method. Each corpus is shuffled with a fixed seed. The first 2,000 positions of each shuffle, and for L0 three whole
repositories (commons-lang, requests, flask), form the development split, on which the gears may be tuned; develop-
ment results are not reported. Every remaining task is in the test split. Before a test run the engine is committed and
its binary hash recorded, and no gear changes during the run. Every row in this section is a frozen-engine result on
test tasks only, with 0 model calls. The preregistration (PREREG. json), the per-task rows and the report script are in
the public repository.

Gate. At L0 and L1 the location is given and the gate is token identity: the repaired line or statement must equal the
developer’s, token for token. This is stricter than passing the tests, because a patch can pass a weak test suite and
still be wrong. Qi and colleagues found that most patches GenProg reported as fixes were plausible but incorrect [92];
overfitting to tests is documented in search-based and semantics-based repair [93, 94] and addressed with generated
tests [95]; tools score higher on the benchmark they were tuned on [96]; and fault localization biases comparisons
[97]. Token identity removes the plausibility gap on these rungs, and giving the location removes the localization
term, so the rate measures the repair gears alone. L2 and above use the tests as the gate and report plausible and
correct counts separately (Section 8.1).
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6.1 LO: one-token faults

The LO corpus is every PIT-style mutant [109] with a valid replacement token in nine real repositories at pinned
commits, five Java and four Python: 520,821 test tasks out of 547,448. The engine (commit 65571d0, gears GO-T and
G1-J) restores 520,541, a rate of 0.9995 (95% Wilson interval 0.9994 to 0.9995) at a median of 2.3 search bits. Of the
280 unsolved, 108 are mutated digits inside floating-point literals and 2 are inside Python set literals. A float-literal
gear (GO-F, commit ecfe5al) is tested on four repositories never used for tuning (commons-text, commons-io, more-
itertools, httpx): 23,015 of 23,015 tasks, 1.0000 (0.9998 to 1.0000), a median of 2.0 search bits. Mutants are a stand-in
for real one-token faults that Just and colleagues found to be coupled with real faults [110].

6.2 L1: one-statement bugs from real histories

L1 uses two public datasets of real single-statement bug fixes mined from open-source histories. ManySStuBs4J 2.0
[107] gives 24,072 Java test tasks; the engine (commit f2701b7) resolves 9,288, a rate of 0.386 (0.380 to 0.392). TSSB-
3M v1.0.0 [108] gives 157,089 Python test tasks from shards 14 and 15; the same engine resolves 27,266, a rate of
0.174 (0.172 to 0.175). The engine receives the 7-line hunk only, so that Java rate is a hunk-only result. Given the
whole file at the parent commit, with indexes of the project’s methods and guard conditions and the gears for changed
method names, added arguments, guard conditions, throws and modifiers (commit 62fb7a0, binary sha256 prefix
3682c6515acdf722, preregistered before the run), the engine resolves 13,586 of the 21,320 Java test tasks whose file
and bug statement could be located, a rate of 0.637 (0.631 to 0.644). By category it closes changed operators (95.9%),
changed operands (92.1%), wrong callers (87.9%), swapped boolean literals (88.4%), deleted arguments (85.1%) and
swapped arguments (83.3%); changed method names reach 61.4% and added arguments 51.4%, and new or narrowed
conditions (43.5% and 51.7%) remain the main open intent. The full per-stratum tables are in the repository. These
datasets have no published repair leaderboard under this gate (hunk only, token identity, location given), so no learned-
repair number is set beside them; Defects4]J, which does have one, is compared with TBar in Section 8.1.

6.3 Energy

Every row carries est_j, an estimate of CPU seconds times 10 W: 0.40 J per solved task at LO, 0.13 on the fresh
repositories, 0.10 on ManySStuBs4J and 0.27 on TSSB-3M. A subsample was read on RAPL [105], the processor’s on-
chip package counter, on a Linux laptop with an Intel i9-13900H (hostname jetson-hub; not an NVIDIA Jetson). The
harness ran on 4 pinned CPUs, and reported_j is the package delta over the whole run, Python driver included, less
idle power from a 10 s sample taken just before, times the run’s duration. Continuous-integration runners were up,
so idle was 40 W to 44 W and the uncertainty is about +1 W times the duration, 10 J on these totals.

Subsample (test reported_j per
split) Tasks Solved RawJ reported_j solved task Seconds

L0, gson mutants 3,000 3,000 648.3 167.5 0.056 11.8
(seeded, first

3,000)

L1, 2,000 690 377.2 17.9 0.026 8.2
ManySStuBs4]J

positions 2,000 to

3,999

The L1 subsample builds its project index from its 2,000 tasks only, so its solve rate (34.5%) is below the full run’s.
measured_j, a wall meter on a named rail, is empty in every row; its protocol is Section 8.3.

7. Reuse evidence

RCE’s position on the reuse axis rests on an engineering fact: code is reused at every scale. Each method below
measures it differently.
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Method

Source

Finding

File-level clone mapping

Line-level redundancy

Statistical language models

Corpus near-deduplication

Whole-archive preservation

Mined fix patterns

Cross-language tasks

Déjavu, Lopes et al. 2017 [33]

Gabel and Su 2010 [34]

Hindle et al. 2012 [35]

The Stack [36]

Software Heritage [129, 130]

PAR, TBar [22, 23]

Rosetta Code [131]

Of 428 million files in 4.5 million non-fork
GitHub projects, 85 million are unique: “70%
of the code on GitHub consists of clones of
previously created files.” In JavaScript, 6% of
files are distinct.

Against 420 million lines, “between 50% and
100% of each project is redundant” at about
one line.

Code is “very repetitive, and in fact even more
so than natural languages.”
Near-deduplication removes 54.7% of The
Stack v1 (6.4 TB to 2.9 TB) and 52.4% of v2
(67.5 TB to 32.1 TB).

30.3 billion unique file contents from 448
million origins (archive counters, read 13
October 2026), each stored once by the hash
of its bytes.

PAR found “several common fix patterns” in
more than 60,000 human patches. TBar’s 15
pattern categories fix 43 Defects4]J bugs
correctly in the standard pipeline, and 74 of
101 with perfect fault localization, with no
learning.

1,360 tasks (and 421 draft tasks), each one
concept implemented across many of 1,009
known languages.
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Code is reused at every scale

Five measures from Section 7. Each panel has its own unit and scale; the panels are not comparable with each other.

File-level clone mapping Line-level redundancy
DéjaVu, Lopes et al. 2017 [33] Gabel and Su 2010 [34]
share of each project that is redundant

all files 428 million
between 50% and 100%

unique files - 85 million 0% 50% 100%

measured against 420 million lines,
in 4.5 million non-fork GitHub projects at about one line of granularity
“70% of the code on GitHub consists of clones
of previously created files.”

Corpus near-deduplication Whole-archive preservation

The Stack [36] Software Heritage [129, 130]

The Stack v1 6.4TB ppe T

I —ppw——" 30.3 billion 448 million
unique file contents origins

The Stack v2 67.5TB

each file stored once, keyed by the hash of its bytes

o
52.4% removed _ 32.1 TB kept Archive counters read 2026-10-13.

Bars scaled within each version (v2 is about 10x larger).

Mined fix patterns How to read this figure
PAR, TBar [22, 23]

Files, lines, terabytes, archive objects and
PAR: “several common fix patterns” in more than 60,000 human patches ! B ’ y - )
repaired bugs are different quantities.

TBar, 15 pattern categories, Defects4J bugs fixed correctly: They are shown side by side, not on one axis

standard pipeline 43
Clones and dedup bear on GO (lookup);

perfect fault localization _ 74 of 101 recurring fix patterns bear on G1 (rules).

Values as in the paper, Section 7.

Scale: 0 to 101 bugs. TBar uses no learning.

Figure 15. Code is reused at every scale. Data figure: five measures of reuse, each in its own unit; the panels are not
comparable with each other. File-level clone mapping (Lopes et al. 2017 [33]): of 428 million files in 4.5 million non-fork
GitHub projects, 85 million are unique. Line-level redundancy (Gabel and Su 2010 [34]): between 50% and 100% of each
project is redundant at about one line, against 420 million lines. Corpus near-deduplication (The Stack [36]): 54.7%
removed from vl (6.4 TB to 2.9 TB) and 52.4% from v2 (67.5 TB to 32.1 TB). Software Heritage [129, 130]: 30.3 billion
unique file contents from 448 million origins (archive counters read 13 October 2026), each stored once by the hash of its
bytes. Mined fix patterns (PAR [22], TBar [23]): PAR found common fix patterns in more than 60,000 human patches;
TBar fixes 43 Defects4J bugs correctly in the standard pipeline and 74 of 101 with perfect fault localization. Values as in
the table above. A PNG copy is provided.

Each row is an input to the engine. Clones and dedup say a fit usually exists, which is GO. Recurring fixes say adap-
tation is mostly a small catalog of guarded rewrites, which is G1. Line-level redundancy shrinks the search space of
G2. The ecosystem measures it on every promoted fit (Section 2.3), and the repair ladder on lifted code measures it at
scale on held-out splits (Section 6). Two cautions sharpen the reading. Duplicates inflate retrieval and model scores
unless removed [104]. And buggy lines are less natural than fixed ones [45], so the bug itself is the case lookup is least
able to predict; the fix shape, not the buggy line, is what GO and G1 must key on. The rule-mining line that does this
at scale, from GenProg’s generate-and-validate search [88] and Prophet’s learned correctness model [89] to Getafix at
Facebook [90] and Sorald’s model-free repair of static-analysis violations [91], derives templates from disjoint history
and reports precision on unseen cases [98]. That is the standard Section 8.4 adopts.
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8. Measurement protocols for what comes next

Each protocol is fixed before its run: preregistration committed, seeds and solver commit recorded, every artifact kept.
Gate first, joules second, labels always.

8.1 Defects4J

Defects4] holds 854 active real Java bugs, each with reproducing tests [37].

1.

Develop on a 100-bug subset, offline, through defects4j checkout; report held-out results only, on a disjoint
set of 288 bugs frozen before the run (FROZEN-heldout-v1).

Run GO, then G1, then G2, then a local model last. Record the gear that closed each bug.

Gate: the triggering tests and the full suite pass. Report plausible and correct counts separately; correct means
equivalent to the developer patch on review.

Report model calls per correct fix and joules per correct fix, labeled.

Reference points: TBar’s 43 correct fixes and its 74 of 101 under perfect localization.

Contamination check: flag every bug whose fix appears verbatim in GO’s index, and report with and without
flagged bugs.

8.2 SWE-bench Lite, offline

SWE-bench Lite is a 300-task subset of real GitHub issues resolved by hidden tests [38].

kWb

Use the official Docker harness with no network.

First run: GO and G1 only, zero model calls. This is the floor of solving without a model.

Second run: add a local model as the last gear.

Report the resolve rate, model calls per resolved task and joules per resolved task, labeled.

Contamination check as in 8.1. SWE-Bench+ found that 32.67% of successful patches had the solution in the
issue text [39].

8.3 A wall meter

1.

w

Attach a wall meter or a shunt meter on the host’s supply, logged at a stated rate with its clock synchronized to
the run log.

. Idle machine: CI runners and other builds stopped, and a quiet window gate checked before each block and

recorded.

Subtract a measured idle baseline, and state the method.

Fill measured_j from the meter alone. Report reported_j (RAPL) and est_j beside it in separate columns.
Never sum across labels.

Repeat the RAPL subsamples of Section 6.3 under the meter, then the Defects4J held-out set.

8.4 A held-out run with the gears frozen

This is the method of Section 6, extended to new corpora.

1.

w

Freeze GO, G1 and G2 at a tagged commit, record the binary hash, and publish the rule set with its authoring
timestamps.

. Draw a disjoint held-out slice: the Rust and Python instances of Multi-SWE-bench [102] and BugsInPy [103],

de-duplicated against GO’s index [104].
Preregister the slice, the seeds and the hypotheses before the first run.
Report resolved, plausible and byte-identical counts separately, each with a 95% interval.

8.5 Baselines in the same table

1.
2.

Model-free: cargo fix and clippy [106], and Sorald or a TBar port [91].
Cheap model: Agentless with a local model [99].

3. Remote model: an agent with a frontier model, its energy estimated from provider disclosures and labeled est_j.
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4. Report cost-of-pass [101] in joules and in dollars for every row, with cost controlled as Kapoor and colleagues
require [100].

8.6 Convergence of model calls at large N

Promotion is the mechanism by which the model leaves the loop: a resolver is paid once for a new case, the gate
admits the fit as a handler, and every later case of the same shape closes in GO or G1 (Section 4.2). Convergence is the
claim that model calls per round fall to zero on a fixed specification under live traffic. It is measured as follows.

1. Draw at least 1,000 specifications from public repositories, stratified by language and size, and freeze the engine
and the resolver before the first round.

2. Replay recorded production traffic, at least 10,000 events per specification, in rounds of fixed size.

3. Record per round: new escalations, model calls, promotions, deferrals and joules per closed task, each labeled
(est_j, reported_j, measured_j).

4. Primary endpoint: the share of specifications reaching a round with zero model calls within 20 rounds, with a
95% Wilson interval. Secondary: model calls per closed task by round, and the round of the last model call.

5. Report specifications that never converge with their cause (a stuck input, a missing dependency, new intent),
and run stuck-input deferral as a preregistered arm.

Proposition 8 (floor approach). As GO and G1 coverage grows, joules per solved task approach the gold floor of applying
a known fix and running the tests. The ladder rungs and the Defects4J held-out set under the wall meter test it.

8.7 Lift coverage across languages

Lift is measured as it is built. For language L, a program counts as lifted when 7 (1;(p)) passes the program’s own
tests and replays its recorded traces byte for byte, and A; (71 (A1(p))) has the same shape hash as A;(p). The sample is
at least 10,000 programs per language for at least ten languages, drawn with a fixed seed from pinned public corpora,
with the lifter frozen and its binary hash recorded before each run, and 0 model calls. Each run reports the share lifted
with a Wilson 95% interval, and each construct not yet lifted is a work item for the lifter of that language, built and
frozen before the next run. The target is every program in every language.

9. Falsifiers

Fixed before the runs they test.

1D Observation Defeats

RCE-FO On a preregistered run of at least 10,000 The claim that projections are faithful and the
Forms, any projection prints a trace that gate refuses at entry
differs from the Form’s reference trace, or any
malformed input is accepted

RCE-F1 On the held-out slice, GO to G2 with frozen The claim that most fits already exist for
rules resolve under 10% of tasks with 0 model  repair at this scale
calls

RCE-F2 Byte-identical or equivalent patches are under ~ The reading of the gate as more than
half of the resolved held-out tasks plausibility on the covered tasks

RCE-F3 Under the wall meter, gross joules per solved The claim of lower energy per solved task on
task of the RCE solver exceed those of the covered tasks
cheapest model baseline on the tasks both
solve

RCE-F4 In the convergence protocol of Section 8.6, Compiling the model out of the loop

fewer than half of the specifications without a
stuck input reach a round with zero model
calls within 20 rounds

10. Work to finish

Each item has its protocol named.

1. Lift built and measured across at least ten languages under the protocol of Section 8.7.
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[\Y)

. The spec arm: specifications in the style of MBPP and HumanEval authored as Forms and emitted to every
target.

. Held-out results on L2 to L4, the Defects4]J set of 288 bugs (Section 8.1), and on L5 to L7 (Section 8.2).

. Baselines in one table, cost-of-pass in joules and dollars (Section 8.5).

A measured_j series: a wall meter on an idle host, at least 10 repeats, gross and net side by side (Section 8.3).

. The 626-language survey published with its method (Figure 1).

New held-out corpora with the gears frozen: Multi-SWE-bench and BugsInPy (Section 8.4).

. Convergence of model calls across at least 1,000 specifications (Section 8.6).

® NV AW

11. Conclusion

RCE is a native code ecosystem. A program is authored once, from intent, as a Form: a lossless encoding of state,
events and pure transitions, and every target language is a faithful projection of it. Invalid states cannot be written
and malformed inputs are refused at entry, so a program in the ecosystem cannot drift from its intent and needs no
after-the-fact diffing or error tracking. Every fit that passes the gate is stored and reused, and the ecosystem compounds
under a gate whose correctness is monotone. On 10,000 preregistered Forms with a frozen engine and 0 model calls,
every Form round trips to identical bytes, every projection is deterministic, every malformed input and specification
is refused at entry, and the Python projection replays the reference trace on 9,999. Code from other languages enters
by lift, a construction from each language’s grammar to its syntax tree to the Form; on lifted code the repair gears
restore 99.95% of 520,821 one-token faults and 63.7% of 21,320 single-statement Java bugs. Sections 3.6 and 8.7 state
the universality propositions and how their construction is measured.
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